The authors have been researching and developing methods of retrofitting existing reinforced concrete buildings with friction dampers. This paper presents an application of the response control retrofit method to reinforced concrete(R/C) buildings. In this seismic retrofit method developed for R/C buildings without sufficient ductility, the seismic capacity of an existing building is enhanced by installing steel damping braces on the external walls of the building to absorb seismic energy efficiently within small amplitudes of deformation. A friction damper is embedded in each barce along itse axis. In the conventional retrofit methods, sashes and interior nonstructural members have to be removed before installing strenghtening members, leading to the interruption of the usage of buildings the retrofitting work. This shortcoming is overcome by the present method because braces are installed only on the external walls of the building. Thus, the building can be used during the retrofitting work and the manhours are reduced significantly as well as the cost and the period of the work. This method is considered environmentally friendly because of the less amount of waste generated by interior demolition and less noise. This damping retrofit method has been applied to several cases of the actual buildings so far, including school buildings, apartment buildings, and hospital, etc.
INTRODUCTION
The Hyogo-ken Nanbu Earthquake of January 1995 inflicted severe damages to buildings designed according to the old design standard before the current seismic design code took effect in 1981. The earthquake made people again recognize the importance of the seismic retrofit of existing buildings. Because of the lessons learned from the disastrous earthquake, efforts are underway in Japan to evaluate the seismic safety of and carry out the seismic retrofit of school and public buildings that are to be used as emergency refuge bases during the term of disaster. However, since there are an enormous number of buildings that require seismic retrofitting, only a part of those buildings have been retrofitted so far.
Unlike the seismic design of new buildings, the seismic retrofit of existing buildings are variously restricted by the need to keep the buildings functional and easy to use during and after the retrofit. Because of these restrictions, it is often not possible to achieve the goals of seismic retrofit simply by upgrading strength and deformation capacity. One of the likely reasons why seismic retrofit has not progressed as expected, other than cost, is that retrofit methods that enable continued use of buildings while they are being retrofitted have not come into wide use.
The authors developed and put to practical use a response control method [1] [2] [3] [4] [5] that makes which allows their occupants to use the buildings even during the retrofitting. The method made it possible by installing external damping braces (steel pipe braces with friction dampers) on the external walls of the building to be retrofitted, while allowing the sashes and interior and exterior parts of the building to remain in place during the retrofitting (Photograph 1). Up to now, the method has been applied to more than a dozen buildings including school and government buildings, hospitals, and apartment buildings. This paper briefly describes advantages of the response control retrofit method, installation methods, performance of the friction damper and the retrofit design method, and illustrates applications of the method to a school building and an apartment house building.
Photo. 1
Example of application of the response control retrofit method
OUTLINE OF THE RESPONSE CONTROL RETROFIT METHOD Advantages
In the response control retrofit method, external damping braces (braces consisting of steel pipes and friction dampers embedded in the pipes) are installed on the external walls of an existing building to be retrofitted so as to absorb earthquake energy input to the building and thereby enhance its seismic performance. One advantage of this method is that by using friction dampers as response control devices, earthquake energy can be absorbed efficiently even under small amplitudes of the story drift angle (around 1/2000 to 1/1500 rad). This makes it possible to reduce the maximum response story drift angle of existing buildings to about 1/250 to 1/150 rad. Since friction dampers absorb earthquake energy efficiently, damper strength; frictional force of the damper, can be specified to 200 to 400 kN per unit so that the expected effect of strengthening can be attained simply by installing external damping braces to the external walls of the building. Although the conventional strengthening methods require removing sashes and interior and exterior parts and reinstalling them, the newly developed method makes it possible to use the building without interruption while retrofit work is in progress. Thus, manpower requirements can be reduced significantly, and both cost and construction period can be also reduced. In addition, the response control retrofit method is environmentally considerate because the volume of waste materials to be disposed at which the interior and exterior parts are removed is small and noise level is low.
Installation method
Photograph 2 shows an example of the external damping brace installation. External damping braces are installed on the existing structural frame (main structure) through anchorage bases. The space between the anchoring base and the side of the existing structural frame is filled with grout and the anchorage base is fastened to the main structure by using prestressing steel bars [3] . In the example shown in Photograph 2, a base block that straddles a column is fixed to beam ends by four prestressing bars (23 mm dia.) [6] to make the anchorage base integral with the main structure. An indirect connection method [3] using postinstalled anchors was used for installation to the foundation beams. The connection details are so designed to satisfy the requirement of rigid connection that neither uplift, sliding nor damage occurs under a design working force equal to 1.5 times the axial force acting on the braces; the frictional force of the damper.
Photograph 3 shows an example of the installation on a school building with balconies [7, 8] . The balcony floor is sandwiched by the upper anchorage base and the lower anchorage base, and the lower anchorage base is fixed to the beam under the balcony [6] . Photograph 4 shows an example of the application to an apartment building [9, 10] . When reinforcing an apartment building, it is necessary to carry out retrofit without having the occupants move to other places. For this purpose, an external steel frame is erected and fixed to the balcony or corridor ends so that it is made integral with the existing structural frame, and then the damping braces are installed in the steel frame. In the example shown in Photograph 4, the in-plane shear stress in the balcony slabs was kept as low as 0.4 N/mm 2 , which is less than the design working stress of 0.6 N/mm 2 , by using the friction dampers with capacity of 200 kN in order to make the braces integral with the existing structural frame. Performance of friction dampers Photograph 5 shows the friction damper, and Figure1 illustrates the configuration and mechanism of the damper. The friction damper consists of a die, a rod, an outer cylinder and an inner cylinder. The diameter of the close-fitting rod in the die is slightly larger than the inside diameter of the die so that the rod is able to move in the axial direction while maintaining a constant frictional force. Earthquake energy causing dynamic motions of the building is transformed into frictional heat and is thus absorbed while the friction damper built into the damping brace is moving forth and back in the axial direction. Figure 2 shows the hysteretic properties of the friction damper [4] . As shown, the damper shows hysteresis loops of the perfectly elasto-plastic type. Frictional forces show a slight variation as damper strokes are repeated, and energy-absorbing performance of the damper is clearly observed. There is little velocity, amplitude or temperature-dependence, and the damper is easy to consider in design and analysis because it can be expressed with a simple hysteresis model of perfectly elasto-plastic (normal bilinear) type. 
Photo. 5 Friction damper

Retrofit design method
The first step in retrofit design is to model the building to be retrofitted as a plane frame, perform a static push-over analysis and examine the seismic performance of the building; that is, strength, failure mode, deformation capacity. The target displacement is determined according to the results obtained, and then elastoplastic time history response analyses with lumped mass system and plane frame model are performed to verify that the response displacement of the retrofitted building remains within the target displacement range. Furthermore, the energy-absorbing effect of the damping braces is evaluated statically, and a structural seismic index (I S ) of the retrofitted building is calculated to evaluate its seismic safety. Concerning the damping brace connections and the members to which the braces are to be connected, it is verified that deformation that would cause inability of damper energy absorption will not occur even under the design working force calculated as 1.5 times the brace axial force (damper friction load). Figure  3 shows the flowchart for the retrofit design process. 
APPLICATION TO RETROFIT PROJECTS
This section deals with examples of projects to which the response control retrofit method was applied. Table 1 shows a list of retrofit projects, and Photograph 6 shows the retrofitted buildings. To date, the response control retrofit method has been used in a total of 13 projects consisting of nine school buildings, one hospital, one government building, and two apartment buildings. In the second application (hospital), retrofit work was carried out while the hospital's daily operations such as the treatment of inpatients and examination were continued. In the third application (school building), retrofit work was carried out during the normal school hours, instead of the summer holidays. The following sections describe in detail the applications involving in a school building (Photograph 3) and an apartment building (Photograph 4).
Application to school building [7, 8]
The response control retrofit method was applied to an elementary school building. The building is a fourstory reinforced concrete structure completed in 1971. Table 2 summarizes information on the building and its response control retrofit, and Figure 4 shows the plan and section of retrofit building. As a first step in the retrofit study, a typical existing structure model ("basic building") with improved ductility achieved by locating structural slits at apron walls and winged columns was selected. Then, the seismic performance evaluation and static push-over analysis of the basic building were carried out to determine horizontal load-bearing capacity and the failure patterns of each members. In the dynamic evaluation, a maximum response story drift angle of each floor of 1/150 rad or less against Level-2 ground motion with maximum velocity of 50 cm/s recommended by the Building Center of Japan was adopted as the criterion. The target value of I S in the seismic assessment was 0.75.
Time history response analysis
A multi-mass equivalent shear model was used as the time history response analysis model for retrofit evaluation. The story shear-story drift relationship obtained through the push-over analysis of the basic building was approximated by a trilinear model, and the skeleton of the equivalent shear spring for each floor was determined. The Takeda model (γ=0.4) was used as the hysteresis model. In the earthquake response analysis, the Newmark-β method of direct integration was used, and damping was assumed to be proportional to the initial stiffness; that is, h=3%. The analysis of the retrofitted building was performed by adding interstory shear springs characterizing strengthening members to the basic building analysis model. It was assumed that interstory shear springs for the damping braces have a bilinear restoring force characteristics, with reference to the test results on the friction damper. Figure 5 shows the results of the time history response analysis. Seismic safety was evaluated by checking whether the maximum response story drift angle remains within the deformation criterion range or not. Design of connections Figure 6 shows connection details on the south-facing balcony side. Figure 7 shows anchorage base details. The anchorage base at the top of bracing was fixed to the side of the beam by the prestressing bars. On the balcony slab side, the anchorage bases were installed by sandwiching the slab between the overthe-slab block and the under-the-slab block and securing the latter onto the beam under the slab. The performance of the connections was verified through the full-scale structure testing (Photograph 7) [6] , and the connection details were so designed to satisfy the requirement of the rigid connection; that is, no sliding and uplift, under the load equal to 1.5 times the slippage load of the friction dampers. Prestressing bar type C, φ23
Photo. 7 Performance verification test of connections
Prestressing bar type C, φ23 
Construction work
The municipal government and the school authorities strongly requested that all construction work would be completed by the end of the summer holidays. Consequently, the construction work was completed by the end of the summer holiday period by carrying out preparatory work before the summer holidays and carrying out installation and finishing work during the holiday period. Table 3 shows the construction progress schedule and Figure 8 shows the construction steps. Photograph 8 shows pictures taken at different stages of construction work. A total of 46 friction dampers with capacity of 300 kN were used for the retrofit. Damper quality was controlled by conducting load, stiffness and hysteresis tests for all dampers before installing them. The quality of all damping brace joints was inspected by the design supervisor by checking such details as the quality of roughed-up surfaces and the completeness of grouting, and the final tensioning of prestressing bars was always witnessed by the design supervisor. Magnitude of the axial force introduced into prestressing bars at the time of construction was determined on the basis of the effective stress, and the actual magnitude of the axial force introduced was controlled by checking the hydraulic pressure of center hole jacks as well as the elongation of the prestressing bars. Application to apartment building [9, 10] This section describes an application of the response control retrofit method to an apartment building (Photograph 4) in which the occupants continued to live in their apartments while the building was being retrofitted. The apartment building is a five-story (aboveground) reinforced concrete building completed in 1971. There are corridors on the west side of the building, and balconies on the east side. Figure 9 shows a plan of the building, and Table 4 shows building information. The building is a framed structure that has partial shear walls in the X direction along which the corridors and balconies exist. In the Y direction, there are corridors on one side and there are shear walls with openings.
External frame installation method
The frame was installed at the end of the balcony, because construction work would not be carried out inside the apartments. Figure 10 illustrates how the external frame, hereafter simply refers to as the "frame", on the balcony side was installed. The frame was installed by pouring grout into the space between the post-installed anchor mounted to the balcony end and the frame stud. The plates with welded anchor bolts were used to ensure firm anchorage at both ends of the span. The plates were installed on the top and underside of the slab and secured with the prestressing bars with diameter of 13 mm. Since the low-load friction dampers with capacity of 200 kN were used on the balcony side, neither the strengthening of the existing slab; that is, no additional concreting to the underside of the slab, nor the installation of additional piles was carried out. The horizontal component of the axial force in the damping brace is transferred to the existing structural frame through the balcony slab, but the average shear stress in the existing slab with thickness of 120 mm is small to be 0.6 N/mm 2 in comparison with the design working force (1.5F D =294 kN, where F D is the specified load capacity of the friction damper), and the vertical component of the axial force in the damping brace is transferred to the foundation through the frame columns and the apron wall with thickness of 250 mm newly constructed at the first-floor level (apron wall shear stress=0.5 N/mm 2 ).
The frame on the corridor side was directly secured to the column-beam frame. The indirect connection method was used for the columns, and the compression joint method by means of the prestressing bar with diameter of 23 mm was used for the beams.
Response control retrofit design
In the response control retrofit design, slits were created to prevent brittle failure of columns. Then, the dynamic evaluation was performed through time history response analysis, and the static evaluation was performed by evaluating the effectiveness of response control retrofit in terms of I S . The target of seismic retrofit in the dynamic evaluation was to achieve a maximum story drift angle less than 1/250 rad, and the target in the static evaluation was to achieve a post-retrofit I S value greater than 0.6.
In the time history response analysis, the building was modeled with a five-mass equivalent shear spring system, and the damping braces installed on each floor were represented by the interstory shear springs. Horizontal stiffness of the damping braces was determined by taking the stiffnesses of the frame-brace joints and the slab into account. Table 5 shows the number of damping braces installed on each floor, Figure 11 shows a framing elevation of the retrofitted building, and Figure 12 shows the results of the time history response analysis of the building before and after the retrofit. These results indicate that the target level of performance can be achieved using the number of damping braces listed in Table 5 . 
Retrofit work and quality control
The retrofit work consisting of preparatory work, damping brace installation and finishing work was completed in about four months. The work progress schedule is shown in Table 6 .
Quality of the friction dampers was inspected by checking whether all dampers to be used satisfy the performance requirements or not. In the construction management of the external frame connections, the completeness of grouting and introducing the axial forces into the prestressing bars in addition to the conventional control items were controlled stringently.
In order to verify a contribution of the damping brace stiffness to that of the original building expected at the retrofit design stage, vibration generated by the manpower excitation method was measured before and after the retrofit. Table 7 compares the design values and measured values of the natural period of the first mode, and Figure 13 shows a Fourier spectrum for the roof floor. The measured natural periods of the first mode before and after the retrofit are longer than the design values, but the measured post-retrofit natural period is shorter than the pre-retrofit natural period, indicating that the installed damping braces increased the stiffness of the building. The broken line in Fig.13 shows the natural period obtained by adding the design value of damping brace stiffness to the measured value of pre-retrofit stiffness. Close agreement with the measured post-retrofit stiffness indicates that the damping brace stiffness assumed at the design stage was actually added to the building. 
CONCLUSIONS
This paper has briefly described the response control retrofit method using external damping braces equipped with friction dampers, which is a seismic retrofit method developed to improve the seismic performance of existing reinforced concrete buildings with limited deformation capacity. The paper has also reported on the application of the retrofit method to school building and apartment building retrofit projects, in which retrofit was carried out without interrupting the use of the buildings. Table 7 Natural period of the first mode
